ABSTRACT Fluorescence studies have been performed on the interaction of papain with active-site-directed inhibitors of the type mansyl-Gly)I-Phe-glycinal, where n = 0, 1, 2. It has been found that whereas the mansyl [6(N-methylanilino-2-naphthalene sulfonyll fluorescence of mansyl-Phe-glycinal is greatly enhanced, that of the two longer mansyl compounds is not, although all three are equally effective as inhibitors of papain action. Measurements of fluorescence polarization and rotational relaxation time support the conclusion that the fluorescent probe group of the two longer mansyl compounds protrudes into the solvent to a greater degree than that of mansyl-Phe-glycinal. Considerable energy transfer from papain tryptophan to the mansyl group is evident for all three inhibitors, however, although it is most marked with mansyl-Phe-glycinal. Stopped-flow fluorescence measurements have shown that, after initial rapid interaction, the first-order conformational changes in the active-site region of papain in the complex with mansylPhe-glycinal are approximately 1/104 those observed with comparable mansyl oligopeptide substrates, and approximately 1/102 those with acetyl-Phe-glycinal.
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In a previous publication from this laboratory (1) it was reported that the intrinsic tryptophan fluorescence of papain is greatly enhanced upon the binding of the inhibitor Ac-Phe-glycinal (2) and of related compounds in which the acetyl group is replaced by benzyloxycarbonyl (Z), Z-Gly, or Z-Gly-Gly. This fluorescence enhancement is largely abolished by the selective oxidation of Trp-69 (3) to yield a modified papain that retains its catalytic activity toward small synthetic substrates, such as Ac-Phe-Gly-NA (NA is p-nitroaniline). The results indicated that, in the binding of the above derivatives of Phe-glycinal at the active site of papain, there is significant interaction between the phenylalanyl residue of the inhibitor and Trp-69 of the enzyme. To examine more closely the validity of this suggestion, we synthesized the series Mns-(Gly),-Phe-glycinal (n = 0, 1, 2), as well as Mns-glycinal, for fluorescence studies on their interaction with papain. Mansyl [Mns, 6 -(N-methylanilino)-2-naphthalene sulfonyl] derivatives of suitable substrates and inhibitors of pepsin (4), papain (5) , and thermolysin (6) have been used in earlier work to study, by stopped-flow fluorescence spectroscopy, the kinetics and mechanism of the action of these enzymes. In the present investigation, the principal objective was to take advantage of the tight binding of the derivatives of Phe-glycinal at the active site of papain, as a consequence of thiohemiacetal formation by the reaction of the aldehyde group of the inhibitors with Cys-25 of the enzyme (7, 8) , to examine the extent of energy transfer between tryptophan in the enzyme and the mansyl group of a series of inhibitors in which the fluorescent probe group is located at various known distances from the reactive aldehyde group. Also, the kinetics of the interaction of Mns-(Gly)n-Phe-glycinal with papain were studied by means of stopped-flow spectrophotometry. 1131
MATERIALS AND METHODS The mansyl derivatives of (Gly)n-Phe-glycinal (n = 0, 1, 2) were prepared by controlled acid hydrolysis of the corresponding diethyl acetals. The latter were obtained by catalytic hydrogenolysis (Pd black) of 1-2 mmol of the Z-compounds (1) in ethanol containing 1 equivalent of acetic acid, followed by treatment (20 hr, room temperature) with mansyl chloride (1.5 equivalents) in acetone, in the presence of N-methylmorphine (3 equivalents). The solution was concentrated to dryness, the residue was dissolved in CHC13 (t3 ml), and the acetals were isolated by chromatography on a column (1.2 X 50 cm) of silica gel (20 g, 60-200 mesh) by using successively CHCl3, 1% MeOH in CHC13, and 2% MeOH in CHC13 as eluants. The fractions that contained the product were pooled and concentrated to dryness, and the residue was recrystallized from ethyl acetate/hexane. The yields were about 20%, based on the amount of Z-compound used. The products gave single spots upon thin-layer chromatography ( talline form; their concentrations in stock dioxane solutions were determined spectrophotometrically. Occasionally, difficulty was encountered in the complete hydrolysis of Mns-Phe-glycinal(OEt)2, and the desired product was obtained by preparative thin-layer chromatography on silica gel. Monitoring of the hydrolysis of the mansyl peptide diethylacetals by means of thin-layer chromatography failed to reveal the appearance of ninhydrin-positive components, indicating that the treatment with Dowex-50 did not result in any detectable cleavage of peptide bonds under the conditions used in this work.
The papain preparations were obtained by means of chromatography of commercial crystalline papain (Worthington) on a mercurial agarose column (5) to yield mercuripapain, which was activated by 2-mercaptoethanol (25 mM) and EDTA (1 mM) in 0.02 M potassium phosphate buffer (pH 6.5). The concentration of papain solutions was estimated spectrophotometrically at 278 nm from a molar absorptivity of 59,000. The enzymic activity was assayed with Ac-Phe-Gly-NA, and this substrate was used to determine the relative extent of the inhibition of papain by the mansyl aldehydes, in the manner described (1) for the Z-derivatives of Phe-glycinal.
Unless otherwise stated, all absorbance and fluorescence measurements were performed with solutions containing 0.02 M potassium phosphate buffer (pH 6.5), 2.5 mM 2-mercaptoethanol, and 0.1 mM EDTA. Separate measurements showed that none of these constituents of the test solutions affected the absorption or emission spectra of the mansyl aldehydes to a significant extent. Absorbance measurements were performed with a Cary model 15 spectrophotometer. Fluorescence measurements were performed with a MPF-3 Hitachi-PerkinElmer spectrophotometer in its ratio mode, with 10-mm cells. The emission data reported here are derived from recorder tracings of complete spectra (approximately 300-560 nm) and are uncorrected for the variation with wavelength in the sensitivity of the detection system. In all fluorescence measurements, the emission spectrum of a 1.9 ,uM solution of quinine sulfate in 0.05 M H2SO4 (excitation at 360 nm; corrected emission maximum at 460 nm) was used as a standard, and its fluorescence intensity at the emission maximum was arbitrarily set at 1.0 fluorescence unit (FU). At the excitation maxima (near 285 nm for papain and near 325 nm for the mansyl compounds), the absorbance of the solutions in the 10-mm cells was less than 0.1 for the concentrations used in the fluorescence measurements. All absorbance and fluorescence measurements were conducted at 250C, and the cell compartment was maintained at this temperature by means of a thermostat.
Measurements of the fluorescence polarization (p) and rotational relaxation time (p) were performed with an SLM Instruments Inc. (10) must be used. In this manner, a Ki value of 0.01 MAM was estimated for Ac-Phe-glycinal at pH 6.5 and 250C, with AcPhe-Gly-NA as the substrate (7). However, with inhibitors of the type Z-(Gly)n-Phe-glycinal (n = 0, 1, 2), it was found (1) that the 1:1 binding in the interaction of papain with Ac-Pheglycinal did not hold and that equilibria involving' higher powers (at least 2) of the inhibitor concentration were involved.
In these circumstances, no reliable values of Ki could be estimated for the inhibitors bearing an amino-terminal benzyloxycarbonyl group, and the inhibition data were presented in the form of plots of vi/vo against [I]o, in which vi is the observed initial rate in the presence of inhibitor and vo is the rate in the absence of inhibitor. Comparison of the inhibitor concentrations required to effect 50% inhibition indicated that the three compounds of the series Z-(Gly)n-Phe-glycinal are approximately equally effective as inhibitors of the hydrolysis of AcPhe-Gly-NA, and that they are about twice as effective in this regard as is Ac-Phe-glycinal. Examination of the members of the series Mns-(Gly)n-Phe-glycinal as inhibitors of the action of papain on 0.2 mM Ac-Phe-Gly-NA showed that the inhibitor concentration required to effect 50% inhibition at pH 6 (Fig. 1) . On the other hand, as shown in Fig. 1 , the fluorescence of Mns-Gly-Pheglycinal and Mns-Gly-Gly-Phe-glycinal is enhanced only slightly upon the addition of excess papain. It was noted above that these three derivatives of Phe-glycinal are equally effective as inhibitors of papain action, and it may be inferred that their Phe-glycinal portion is bound equally well at the active site. The fluorescence data thus indicate that the environment of the mansyl group in the Mns-Gly-Phe-glycinal and Mns-GlyGly-Phe-glycinal bound to papain is different from that in the case of Mns-Phe-glycinal, and is more like that of the solvent. In Fig. 2 is shown a plot of Evidence for the view that the fluorescence enhancement of the mansyl group of Mns-Phe-glycinal upon the addition of excess papain is associated with the binding of the inhibitor at the active site of the enzyme is provided by the effect of the addition of 45 AuM Ac-Phe-glycinal. Although a slightly weaker inhibitor of papain action than Mns-Phe-glycinal, when present in excess it may be expected to partially displace the mansyl aldehyde from the active site and thus reduce the mansyl fluorescence. This was in fact observed, and the mansyl fluorescence was reduced approximately 50%.
Determinations of the polarization and rotational relaxation time of the mansyl fluorescence in the three compounds Mns-(Gly)n-Phe-glycinal (n = 0, 1, 2) gave values near p = +0.06 and p = 1.3 nsec under the conditions of these studies. When mixed with excess papain (10 ,uM), the mansyl group of Mns-Phe-glycinal (1 /.M) exhibits fluorescence that is polarized to a considerable degree (p = +0.27) and whose rotational relaxation time (p = 28.6 nsec) suggests that the mansyl group does not have appreciable rotation independent of that of the papain-ligand complex. On the other hand, with the complex of papain with Mns-Gly-Phe-glycinal or Mns-Gly-Gly-Pheglycinal, under comparable conditions the polarization of the mansyl fluorescence is less (+0.19 or +0.10, respectively) and the rotational relaxation times (5.8 nsec and 2.7 nsec, respectively) approach that of the mansyl group in the unliganded compounds. These data are consistent with the conclusion that the mansyl group of the two longer compounds protrudes to a greater degree from the active site than in the case of the complex of papain with Mns-Phe-glycinal.
Since the emission maximum of papain fluorescence under the conditions of this work is near 330 nm (1), the absorption maximum of the mansyl group, it was reasonable to examine the possibility that long-range nonradiative transfer of electronic excitation energy from excited state tryptophanyl residues of papain to the mansyl group of a bound aldehyde might be observed. Such energy transfer should make itself evident in the emission spectra of the papain-ligand complex upon excitation near the maximum of tryptophan absorption (290 nm) through a quenching of the tryptophan emission near 340 nm and an increase in the mansyl emission near 445 nm as compared with the fluorescence of the unliganded aldehyde. It will be seen in Fig. 3 that the tryptophan fluorescence of a 0.5 AtM papain solution is strongly quenched upon the addition of Mns-Phe-glycinal, Mns-Gly-Phe-glycinal, and Mns-GlyGly-Phe-glycinal. To calculate the extent of quenching, it was necessary to determine the emission spectrum for papain in the absence of mansyl compound but in the presence of excess Ac-Phe-glycinal (10 ,M) . This is to take account of the known effect of the Phe-glycinal unit in enhancing the intrinsic tryptophan fluorescence of papain (1) papain with Ac-Phe-glycinal (1) . In the present work, stopped-flow measurements of the rate of the enhancement of the fluorescence of Mns-Phe-glycinal (1 gM) upon the interaction with papain (5 IAM) showed an initial rapid rise (within 10 msec) to a fluorescence intensity about 5% of that ultimately attained, followed by a very slow first-order (0.1 sec') increase. This finding supports the conclusion drawn earlier that chemical substitution of Cys-25, in this case by interaction of the aldehyde group of the inhibitor with the sulfhydryl group, markedly reduces the conformational mobility of the active site region of the enzyme.
The absence of significant enhancement of the mansyl fluorescence upon the binding of Mns-Gly-Gly-Phe-glycinal to papain is of interest in relation to the marked fluorescence increase observed (5) with the substrate Mns-Gly-Gly-Val-GluLeu-Gly, where the Glu-Leu bond is the site of enzymic cleavage. The distances along the peptide backbone from the fluorescent probe group to the carbonyl group that interacts with Cys-25 of the active site are the same for the two mansyl compounds and yet the environments of the probe group in the enzyme-substrate or enzyme-inhibitor complex are clearly different. Taken together with the significant differences in the rates at which reactive enzyme-substrate complexes are generated as compared with those for the interaction of specific substrates or inhibitors with inactive papain blocked at Cys-25, it would appear that chemical substitution of the sulfhydryl group is accompanied by extensive changes in the conformation of the active site region of the enzyme.
